P1 prophage replication during the Escherichia coli division cycle has been analyzed by using the membrane-elution technique to produce cells labelled at different times during the division cycle and scintillation counting for quantitative analysis of radioactive prophage DNA. P1 prophage replicates during a restricted portion of the bacterial division cycle, like the minichromosome, but at a time during the division cycle different than the time at which the minichromosome replicates in the same cell. A high-copy mini-R6K plasmid present in the same cell replicates throughout the division cycle. Over a wide range of growth rates, the P1 prophage replicates approximately one-half generation after the minichromosome replicates. Thus, the mechanisms underlying P1 replication are similar to those for the F plasmid and the chromosome. Replication occurs when some property related to cell size or cell mass reaches a constant value per origin.
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The P1 prophage exists as a low-copy plasmid at approximately one copy per chromosome equivalent (8, 9) . The stable maintenance of a low-copy plasmid requires that its replication be attuned to the rate of cell growth and division. One possible mechanism of coupling plasmid replication to cell division is to have the plasmid replicate at a specific time during the division cycle, as is found for initiation of chromosome replication and minichromosome replication (4, 7, 14) . Recently, we have shown that the low-copy F plasmid replicates in a cell-cycle-specific manner and that replication occurs when a constant cell mass per plasmid origin is achieved (10) . These results have been supported by densityshift experiments demonstrating that F plasmid replicates nonrandomly (13) . The F plasmid, however, does not replicate at the same time during the division cycle that the chromosome initiates replication or that the minichromosome replicates (10) . A mini-F plasmid also replicates in a cell-cycle-specific manner, similar to that of the parental F plasmid, when it contains two origins of replication, but appears to lose cell-cycle-specific replication when the oriV origin of replication is deleted (12) . We now turn to another low-copy plasmid, the P1 prophage, to determine its pattern of replication during the division cycle.
The timing of P1 prophage replication during the bacterial division cycle has been investigated. Abe (1) , using a dnaA(Ts) mutant to synchronize cell growth and DNA-DNA hybridization to monitor P1 replication, reported that P1 prophage replicates throughout the division cycle. These results are equivocal, since synchronization can lead to incorrect results (3), particularly when studying DNA replication initiation and using the temperature-sensitive initiator of DNA replication to synchronize cells. Prentki et al. (19) studied P1 replication relative to two chromosomal markers in unperturbed cells and concluded that replication of prophage P1 was not simultaneous with initiation or termination of chromosome replication. Prentki et al. (19) proposed that the timing of P1 replication varies, relative to chromosome replication initiation, as a function of growth rate. * We have reinvestigated P1 prophage replication during the division cycle by using the membrane-elution technique with a direct quantitative measurement of label incorporated into prophage DNA. We find that P1 prophage replicates at a specific time during the division cycle, approximately onehalf generation after initiation of chromosome replication. This replication pattern is observed over a wide range of growth rates. This result implies that the P1 prophage replicates when a constant mass per plasmid origin is achieved and that the initiation mass per origin is different for the P1 prophage than it is for the chromosome origin.
MATERIALS AND METHODS
Bacteria and plasmids. The host bacterium used was Escherichia coli B/r NC3 (provided by F. C. Neidhardt). The P1 phage (PlCmO cl.100 Cmr [referred to as P1]; provided by D. I. Friedman) was plated onto a bacterial lawn of NC3 cells, and lysogens were selected (17) . The lysogenic state is temperature sensitive, and thus all experiments with this plasmid strain were carried out at temperatures at or below 30°C. The minichromosome pAL49 (7.6 kb, Kanr; provided by A. C. Leonard) and the mini-R6K plasmid pMF26 (Ampr; provided by D. R. Helinski) were then transformed into the strain by the procedure of Davis et al. (5) . Thus, one bacterial strain contained the P1 prophage, the minichromosome, and the mini-R6K plasmid.
Growth of bacteria. C medium (7) was supplemented with one of the following carbon sources: glucose (0.4%) plus Casamino Acids (0.2%), glucose (0.4%), glycerol (0.4%), succinate (0.4%), or acetate (0.4%). The cells were grown for at least six to nine generations in 100 ml of medium at 20 or 30°C in order to obtain exponential growth prior to starting a membrane-elution experiment and to avoid induction of the P1 lytic cycle.
Membrane-elution technique. Exponentially growing cells (100 ml, 1 .0 x 108 cells per ml, incubated at 20 or 30°C) were labelled with [3H]methyl thymidine (60 to 80 Ci/mmol, 10 ,uCi/ml) for 5% of the doubling time and filtered onto a nitrocellulose membrane at the end of the labelling period. The cells were washed with medium of the same composition and temperature containing unlabeled thymidine (100 ,ug/ml). The incorporated into the P1 prophage and the minichromosome indicate that replication is cell-cycle specific (10) . The data for radioactivity per cell incorporated into the mini-R6K plasmid lies along a straight line, indicating that this highcopy plasmid replicates throughout the division cycle (exponential, cell-cycle-independent replication). (Fig. 2 and 3 ), using the same methods used for the experiment presented in Fig. 1 . The data for radioactivity per cell incorporated into the P1 prophage and into the minichromosome relative to that incorporated into the mini-R6K plasmid for cells grown in succinate are shown in Fig.  2 , and similar data for cells grown in glycerol are shown in Fig. 3 . The times of minichromosome and P1 prophage replication during the division cycle have been determined from the data presented in Fig. 1, 2 , and 3 and from other experiments (data not shown) and are summarized in Fig. 4a . The results for the P1 prophage fall on a line parallel to the line determined by minichromosome replication and initiation of chromosome replication. An alternative way of considering replication is to plot the time of P1 replication as a fraction of the time between subsequent rounds of minichromosome replication, as in Fig. 4b . This graph indicates that at all growth rates the pattern of P1 plasmid replication is the same relative to the timing of minichromosome replication. Independent of the precise timing reported here, the significant observation which the data support is that replication of the P1 prophage occurs between the replication of the minichromosomes. This qualitative observation is supported by the horizontal line in Fig. 4b .
DISCUSSION
Plasmid replication during the bacterial division cycle has been repeatedly investigated in the past 25 years, with conflicting results. The replication pattern of the high-copy plasmids has been consistently found to be cell-cycle independent (10, 11, 15, 21) , whereas the replication pattern of the low-copy plasmids (F, P1, and Rl) has been controversial. Recently, the contradictory reports of F plasmid replication were resolved by using the membrane-elution technique and quantitative measurement of label incorporated into plasmid DNA in cells grown at different rates (10) . The minichromosome was used as an internal (i.e., in the same cell with the F plasmid) control for cell-cycle-specific replication, and the mini-R6K plasmid was used in conjunction with the minichromosome as an external (i.e., not in the same cell with the F plasmid) control for cell-cycle-independent replication. The analysis demonstrated that the F plasmid replicates in a cell-cycle-specific manner in E. coli and that F plasmid replication occurs when a constant cell mass per plasmid is achieved. Support for this conclusion has come from density-shift experiments indicating that the F plasmid replicates in a nonrandom manner (13) .
Cell-cycle-specific replication of Pl. Investigations of P1 prophage have reported that its replication pattern is cellcycle independent (1) or cell-cycle specific with a growth rate-dependent replication time relative to initiation of chromosome replication (19) . We used the membrane-elution Replication pattern of the P1 prophage during the E. coli cell cycle. E. coli B/r NC3 (P1 pAL49 pMF26) was grown for several generations in succinate-minimal medium at 30°C and analyzed by using the membrane-elution technique and quantitation of label incorporated into plasmid DNA as outlined in Materials and Methods. (a) El, (3H dpm/14C dpm) per cell in minichromosome pALA9; E, (3H dpm/'4C dpm) per cell in prophage P1; A, (3H dpm/'4C dpm) per cell in plasmid pMF26. (b) The data for radioactivity per cell incorporated into the minichromosome and the P1 prophage were divided by the data for radioactivity per cell incorporated into the pMF26 plasmid. El, pAL49 divided by pMF26; M, P1 divided by pMF26.
technique, quantitative radiolabelling, and the minichromosome and the mini-R6K plasmid as internal controls (three plasmids in the same cell) to investigate P1 prophage replication during the E. coli division cycle. The minichromosome was chosen as a control for cell-cycle-specific replication because this oriC plasmid replicates in a cell-cyclespecific manner at the time of chromosome replication initiation (14) . Thus, it is a good indicator for the time when chromosome replication is initiated. The mini-R6K plasmid was chosen as a control for cell-cycle-independent replication because this high-copy plasmid replicates in a cell-cycleindependent manner (10, 11) . The data in Fig. 1, 2, and 3 indicate that the P1 prophage replicates in a cell-cycle- o. That replication of the P1 prophage is altered by the presence of the minichromosome and the mini-R6K plasmid is unlikely. The timing of chromosome replication initiation (or the cell size at initiation of chromosome replication) is unaffected by the presence of the minichromosome (14), the F plasmid (10), and/or the R6K plasmid (11) . Furthermore, the F plasmid and the R6K plasmid have the same replication patterns when they are alone in a cell as they do when they are present with the minichromosome in a cell (10, 11) .
Experimental requirements for successful demonstration of cell-cycle-specific replication. Several criteria have been established which must be satisfied in order to accept the results for the replication pattern of a plasmid. (i) The cell concentration eluted from the membrane must have a pattern reflective of the expected age distribution in a culture.
(ii) The pattern of chromosome replication rate per cell must agree with previous determinations of the pattern of chromosome replication (4, 7). (iii) The radioactivity per cell incorporated into the minichromosome must have a peaked pattern, and the peaks must correspond with initiation of chromosome replication (14) . (iv) The data for radioactivity per cell incorporated into the mini-R6K plasmid must fall on an exponential line. Once these criteria have been met, the results for the plasmid under investigation (P1 in this case) can be accepted. The experiments presented here have met these criteria.
We have not used autoradiography to study plasmid replication during the division cycle because we feel that autoradiography is not as good a method as direct counting. With autoradiography one must adhere to very rigid criteria of exposure in the linear region of the film, use adequate methods for densitometry, and solve other problems which are not present with direct counting using double labels to correct for recovery of plasmid DNA. More important, with autoradiography it is not possible to use double labels to The time of P1 prophage replication as a fraction of the time between subsequent rounds of minichromosome replication was determined from the data in Fig. 1,  2 , and 3 and from other experiments. The times of P1 replication are plotted as a function of the growth rate measured in the liquid culture (which may not be precisely the same as the doubling time on the membrane). Linear regression of the data points results in a line of essentially zero slope. correct for minor differences in plasmid recovery in different fractions. Furthermore, the use of autoradiography has led to contradictory findings, as the cell-cycle-independent replication of the F plasmid determined by autoradiography (15) is not consistent with the pattern of plasmid replication determined by using enzyme induction, whereas the direct counting method has been directly shown to with the enzyme induction experiments (10) . We feel that while autoradiography can give a correct result (10, 14, 15) , it is not as reliable as direct scintillation counting of identified plasmid DNA bands.
Size control of initiation of P1 plasmid. The mechanism or rule underlying P1 prophage replication was investigated by determining the cell-cycle timing of P1 prophage and minichromosome replication at different growth rates. The time of P1 prophage and minichromosome replication during the division cycle was taken to be the peak in radioactivity per cell incorporated into prophage and minichromosome DNA relative to cell division. The times of minichromosome and P1 replication in terms of generations prior to cell division are plotted as a function of growth rate in Fig. 4a . A multiple of one was added to the times of replication, depending on the growth rate (2, 3) . The slope of the best line through the points representing the times of initiation of chromosome replication suggests that the C and/or D periods have lengthened disproportionately relative to the doubling time with the decrease in temperature. Linear regression of the P1 and minichromosome data results in nearly parallel lines. These parallel lines have previously been interpreted to mean that the plasmid initiates replication, as does the chromosome, when a critical mass per origin is reached (10) . Thus, P1 plasmid replicates when a critical mass per origin is achieved. This is a formal statement of the observations, and the underlying mechanism for initiation is not yet known.
The relationship of P1 replication to minichromosome replication can be seen most clearly if the time of P1 prophage replication as a fraction of the time between subsequent rounds of initiation of chromosome replication (and minichromosome replication) is determined from Fig. 1 , 2, and 3 (and other data) as plotted in Fig. 4b . Since initiation of chromosome replication is the key event regulating the division cycle (3), it is logical to determine plasmid replication timing relative to the beginning of the division cycle (initiation of chromosome replication) rather than relative to the end of the division cycle (cytokinesis), when other variables (C and D) become important. Plotting the data in this form allows us to eliminate temperature-dependent variables that may be affected disproportionately relative to temperature effects on mass synthesis, on the C period (because of temperature-dependent changes in the DNA elongation rate), or on the D period (because of temperaturedependent changes in cell division). The data in Fig. 4b fall on a straight line of zero slope, indicating that the P1 prophage replicates approximately one-half generation after initiation of chromosome replication at all growth rates and temperatures. Since the chromosome initiates replication at a constant cell mass per origin (6), since the cell mass grows at an exponential rate during the division cycle (2) , and since the number of P1 prophages per chromosome equivalent in an exponential culture is approximately one at all growth rates (8, 9, 19) , the straight line of zero slope in Fig. 4b implies that the P1 prophage must also replicate at a constant mass per plasmid origin. Any other proposal would be inconsistent with some of the aggregate data.
An analysis of the replication pattern is schematically illustrated in Fig. 5 . (The replication patterns are represented for a cell growing at 37°C, whereas the experiments were performed at 30°C. Since a decrease in temperature only increases the doubling time but does not affect the relative timing of events during the cell cycle [3] , the experimental and theoretical results are easily comparable.) Three possible mechanisms are proposed to explain the experimental observation that replication of the P1 plasmid occurs between rounds of minichromosome replication at all growth rates. The proposal that initiation occurs at a constant time prior to division agrees with the experimental findings only at 20-, 30-, and 60-min interdivision times, and the proposal Fig. 5 , the replication times fall on parallel lines, as does the experimental data in Fig. 4a . The constant-mass proposal results in a plasmid replication pattern in which the time of plasmid replication is a constant fractional interval between the times of minichromosome replications. In this respect, replication of the P1 prophage is under control of a mechanism that is formally similar to, and perhaps mechanistically similar to, those mechanisms controlling F plasmid replication and the initiation of chromosome and minichromosome replication. Note that the timing of P1 prophage replication in Fig. 4a is drawn as occurring at a higher mass per origin than chromosome replication initiation; replication of the P1 plasmid occurs after the initiation of the chromosome or minichromosome replication. Placement of the line for P1 prophage replication is arbitrary and does not affect the conclusions. If the line for P1 prophage were placed to the left (below) the line for chromosome replication (Fig. 5) , it would be equivalent to having initiation of P1 prophage occur before chromosome replication or at a lower mass per plasmid origin. In either case, replication of prophage P1 occurs at a constant mass per origin. As drawn in Fig. 5 , one plasmid per cell replicates to make two plasmids at the slowest growth rates (0.0 to 1.5 doublings per h), two plasmids replicate to make four plasmids between 1.5 and 2.5 doublings per h, four plasmids replicate to make eight plasmids between 2.5 and 3.5 doublings per h, etc. Any integral multiple of this plasmid value per cell agrees with the observations reported here.
